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Abstract

An ethylalcohol solution containing Si(OC2H5)4 and Al(NO3)3 with a composition of mullite, 3Al2O3.2SiO2, was infiltrated into a

porous laminated woven fabric of 22–35 vol.% SiC or Al2O3–SiO2 fibers and 8–42 vol.% mullite powder (filler). The solution was
then decomposed at 500 �C in air. This polymer impregnation and pyrolysis method (PIP) was repeated 20–23 times to produce a
laminated mullite matrix composite of 73–79% density. The pseudoductility of the densified composite when tested in four-point

bend was caused by delamination cracks. This mechanical property was enhanced by (1) good dispersion of the mullite filler in the
filament yarn, (2) large amounts of dispersed filler, (3) formation of weak bonds in the filament yarn from the pyrolysis of the
mullite precursor, and (4) lower amounts of mullite precursor-derived amorphous solid. The infiltration of the mullite filler dis-

persed electrosterically in an aqueous solution into the woven fabric offered significant pseudoductility, but infiltration of the filler
dispersed in the ethylalcohol solution of the mullite precursor resulted in a brittle composite.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Continuous fiber-reinforced ceramic matrix compo-
sites (CFCCs) can display high damage tolerance with
pseudoductility and may be applied in high temperature
structural material applications such as aircraft engine
components or spacecraft engine parts. The develop-
ment of mechanically reliable composites requires a
weak chemical bond between the fibers and the matrix
to enhance fiber-bridging and fiber-pullout during crack
propagation. The main crack in the matrix confronts
the high-strength fibers and is deflected along fiber/
matrix interfaces. With an increase of applied load, the
fibers bridge over the extended crack. Further increase
of load causes the fracture and pullout of fibers in the
matrix, producing the pseudoductility.1�11

CFCCs are divided into the following three types:
nonoxide fibers/nonoxide matrix, nonoxide fibers/oxide
matrix, and oxide fibers/oxide matrix. Amorphous C
and BN are used as interphase materials because of
their lubricant property, which enhances the pullout of
fibers in SiC/SiC and oxide/oxide composites.12�17

Recently, oxide interphases such as LaPO4,
18�23

hexaaluminate24�26 or ZrO2
27�29 have been studied

because of their high stability at high temperatures in an
oxidizing environment. The debonding length of fibers
in pullout depends on the roughness of the fiber surface,
the strength of the fibers and the residual stresses
around the interfaces resulting from the difference of
thermal expansion coefficient and Young’s modulus
between the fibers and matrix.30�34 The introduction of
the interphase affects the residual stresses, the chemical
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reaction at the interfaces, the roughness of the fibers
and the resultant pseudoductility.35,36

The matrix phase of CFCCs is usually fabricated by
netshape or near-netshape processing such as chemical
vapor infiltration (CVI),17,37,38 polymer impregnation
and pyrolysis (PIP)39�41 or reaction sintering (RS).42,43

The CVI and RS processes offer a dense matrix but the
PIP process leaves residual pores. Although PIP takes a
longer processing time than CVI or RS, it has advan-
tages in (1) the low temperature processing and (2) the
use of simple processing equipment (low cost). The
structure of composites processed by the PIP method is
analogous to that of a concrete material. The fibers, the
ceramic powder filler and the precursor polymer in the
PIP process correspond to the steel bars, rock and sand,
and cement in the concrete material, respectively. In our
previous paper,39 a polytitanocarbosilane/xylene solu-
tion was impregnated into a porous Si–Ti–C–O fiber/
mullite filler composite and decomposed at 1000 �C in
an Ar atmosphere. The PIP sequence was repeated 8
times to produce a layered composite with 90% density.
This composite showed a significant pseudoductility
with a maximum deformation strength of 290 MPa in
bend. Based on the above successful PIP process, we
studied the processing, microstructure and mechanical
properties of layered composites formed form con-
tinuous fibers (SiC, aluminosilicate)/mullite powder/
mullite precursor solution by the PIP process at 500 �C
in air. In this processing, no interphase material was
introduced.
2. Experimental procedure

2.1. Mullite precursor solution

Al(NO3)3.9H2O (purity>98.0 mass%, Wako Pure
Chemical Industries, Ltd., Japan) and Si(OC2H5)4
(purity>95.0 mass%, Wako Pure Chemical Industries,
Ltd., Japan) were used to prepare a mullite precursor
solution. In the PIP process, a high ceramic yield of
solids-to-polymer, a high concentration and a low visc-
osity are desired for the precursor solution in order to
eliminate the open pores in the green composite after a
small number of PIP sequences. Al(NO3)3.9H2O was
dissolved in ethylalcohol (purity>99.5 vol.%) at 80 �C
and cooled to adjust the concentration to 2 M. The
Al(NO3)3 ethanol solution was mixed with a 2 M-
Si(OC2H5)4 ethanol solution at a molar ratio of Al/
Si=3/1 to provide a decomposition product of mullite
composition. The similar composition for the alumino-
silicate fibers, the mullite filler and the mullite matrix
formed from the precursor solution, reduces the residual
stresses caused by the cooling after processing. The
mixed solution was refluxed at 80–83 �C to accelerate
partial hydrolysis. Fig. 1 shows the viscosity of the
mullite precursor solution as a function of reflux time.
The viscosity gradually increased up to 1.5 h of reflux
and then rapidly increased at longer times due to the
polymerization of the solution. A low viscosity mullite
precursor solution refluxed for 1 h was chosen to be
impregnated into the porous green composite. After the
reflux of the precursor solution for 1 h at 80–83 �C, the
solvent was evaporated by heating the solution at 100 �C
for 72 h, producing a white residue. The thermal
decomposition behavior of the derived solid was ana-
lyzed with thermogravimetric differential thermal ana-
lysis (TG-DTA) at a heating rate of 10 �C/min to
1000 �C in air (Thermoflex, Rigaku Co., Tokyo, Japan).
The phase identification of the heated solid was con-
ducted using X-ray diffractometry (XRD, Model No.
2013, Rigaku Co., Tokyo, Japan) and the specific sur-
face area of the heated powder was measured by the
BET method (Micromeritics Flow Sorb II 2300, Shi-
madzu Co., Japan).

2.2. Green laminated composite

The starting materials used for the preparation of
green composites are listed in Table 1. As-received sol-
gel-processed crystalline mullite powder shown in Fig. 2,
consisted of flaky particles with a size distribution of
0.7–3.8 mm (specific surface area 5.7 m2/g). The micro-
meter-sized mullite particles were inserted as filler into
the open spaces between the continuous fibers. Fig. 3
shows the flow chart for the preparation of green lami-
nated composites. Two kinds of mullite suspensions
were prepared for infiltration into the laminated fabric
sheets. One is an aqueous mullite suspension with 46.1
vol.% solid and polyacrylicammonium dispersant
(PAA, average molecular weight 10 000) of 0.6 mass%
against the mass of the mullite. The pH of the suspen-
Fig. 1. Apparent viscosity of the mullite precursor alcohol solution

prepared from 2 M-Al(NO3)3 and 2 M-Si(OC2H5)4, as a function of

reflux time at 80 �C.
54 R. Donga et al. / Journal of the European Ceramic Society 24 (2004) 53–64



sion was adjusted to 9–10 using 1.0 M-NH4OH solution
to enhance the dispersion of the negatively charged
mullite particles by electrosteric stabilization. Another
suspension was prepared by mixing the mullite particles
at 10 and 30 vol.% solids with the refluxed mullite pre-
cursor solution. All the suspensions were stirred for 24 h
at room temperature. SiC satin (219 mm thick, 25 mm
wide and 38 mm long) assembly of 10 sheets or Al2O3–
SiO2 fabric (325 mm thick, 25 mm wide, and 38 mm
long) assembly of 8 sheets were laminated together in
the aqueous mullite suspensions or mullite precursor
suspensions, under a pressure of 9.8 kPa. The green
laminated composites consolidated from the aqueous
mullite suspensions or mullite precursor suspensions
were calcined for 1 h at 1000 �C or for 30 min at 500 �C,
respectively, in air or in an Ar atmosphere. The char-
acteristics of the laminated composites are shown in
Table 2. The fraction of mullite powder filler in the
composite became higher as the solid concentration of
the suspension increased. The fiber fraction was in the
range of 22–35 vol.%. The formation of the solid
derived from the mullite precursor solution is described
in the next section.

2.3. PIP process with mullite precursor solution and
mechanical properties of densified composite

The mullite precursor solution was infiltrated into the
green laminated composites of the SiC satin-mullite fil-
ler system and the Al2O3–SiO2 fabric–mullite filler sys-
tem, and decomposed by heating at 500 �C for 30 min in
air. This PIP sequence was repeated 20–23 times to
reduce the porosity. After the 15th PIP sequence, the
composites with Al2O3–SiO2 fabric and SiC satin were
heated at 1000 �C for 1 h in air and an Ar atmosphere,
respectively, to densify the matrix formed from the
mullite precursor solution. Then, the PIP sequence was
resumed for 5–8 times with the heat-treatment at 500 �C
in air. After 20–23 PIP sequences, the composites were
again heat-treated at 1000 �C for 2 h in air or in an Ar
atmosphere. The density of the PIP-processed compo-
site was measured by the Archimedes method, using
distilled water. The microstructure of the densified
composites was observed by optical microscopy and
Table 1

Characteristics of raw materials used for the preparation of layered woven fabric/mullite matrix composites
Fibers
 Mullite powder (filler)
SiC satin
 Aluminosilicate fabric
Chemical composition (mass%)
 69.3 Si, 29.6 C, 0.6 Al, 0.5 O
 85 Al2O3, 15 SiO2
 71.80 Al2O3, 28.05 SiO2, 0.30 ZrO2, 0.10 TiO2, 0.01 Na2O
Yarn
 1600 filament
 1000 filament
Young’s modulus (GPa)
 397
 210
Tensile strength (GPa)
 2.84
 2.0
Diameter (mm)
 7.5
 15
 1.75 (cumulative partical size distribution: 0.65 mm/10%,
1.75 mm/50%, 3.75 mm/90%)
Specific surface area (m2/g)
 5.7
Density (g/cm3)
 3.24
 3.23
 3.16
Table 2

Phase compositions of the laminated composites after 20–23rd PIP sequences
Sample
 Fiber
 Mullite powder suspension
 Satin or

fabric (vol.%)
Mullite

powder (vol.%)
Mullite precursor-derived

solid (vol.%)
Pore
Open (vol.%)
 Closed (vol.%)
No. 1
 SiC
 46 vol.% aqueous
 21.96
 41.75
 10.74
 22.13
 3.42
No. 2
 Al2O3–SiO2
 46 vol.% aqueous
 32.66
 35.76
 9.72
 16.69
 5.17
No. 3
 Al2O3–SiO2
 10 vol.% mullite precursor
 34.52
 7.60
 31.30
 20.99
 5.59
No. 4
 Al2O3–SiO2
 30 vol.% mullite precursor
 28.37
 23.09
 27.52
 15.40
 5.62
Fig. 2. Scanning electron micrograph of as-received sol-gel-processed

mullite powder.
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scanning electron microscopy (Model No. SM300,
Topcon Technologies, Inc., Japan). The composites
were cut by a diamond wheel into test specimens 4 mm
wide, 3 mm high and 38 mm long. To avoid damage to
the fabric from polishing, the flexural strength was
measured with as-cut specimens. The flexural strength
was measured at room temperature in four-point bend
over a 10 mm upper span and 30 mm lower span at a
crosshead speed of 0.5 mm/min (Model UTM-1-5000
BE, Toyo Baldwin Co., Japan). A strain gauge was
attached to the tensile surface during the measurement
of flexural strength.
3. Results and discussion

3.1. Thermal properties of the mullite precursor

Fig. 4(a) and (b) shows the TG and DTA curves,
respectively, for Al(NO3)3.9H2O, for silica gel derived
from Si(OC2H5)4 by the hydrolysis with HCl catalyst,
and for the mullite precursor produced from
Si(OC2H5)4 and Al(NO3)3, dried at 100

�C for 72 h in
air. The weight loss of Al(NO3)3.9H2O due to its pyr-
olysis is calculated to be 86.4% (Al(NO3)3.9H2O !

1=2Al2O3+3NO2+3=4O2+9H2O). The experimental
result showed a smaller weight loss of 55.8% at 600 �C.
The difference in the weight loss indicates a partial
decomposition of Al(NO3)3.9H2O with its melting point
of 73 �C during the earlier drying at 100 �C. A chemical
composition of Al(OH)2NO3 was estimated for the
dried Al(NO3)3.9H2O, because the calculated weight
loss (58.6%, Al(OH)2NO3 ! 1=2Al2O3+NO2+1=4O2
+H2O) is then close to the measured value. The mullite
precursor and the dried Al(NO3)3 showed similar DTA
curves upon heating to 400 �C, indicating that
Al(OH)2NO3 coexisted with silica in the mullite pre-
cursor. As seen in Fig. 4(b), an exothermic peak was
measured at about 900 and 980 �C for dried Al(NO3)3
and the mullite precursor, respectively. These exother-
mic peaks were associated with the crystallization of
g-Al2O3 phase, as confirmed by the XRD patterns of the
heated powders. The silica component coexisting with
the Al2O3 component shifted the crystallization of the
g-alumina phase to higher temperature. A similar result
was also observed upon heating in an Ar atmosphere
for the system Al(NO3)3, silica gel and mullite pre-
cursor. Fig. 5 shows the X-ray diffraction patterns of
the phases produced in the mullite precursor heated for
2 h at 500–1300 �C in an Ar atmosphere. The precursor
changed to g- and a-alumina at 1000–1150 �C. The
crystallization of mullite occurred at temperatures
above 1200 �C with the disappearance of g-alumina. No
formation of a crystalline silica phase at temperatures
below 1150 �C occurred, indicating that mullite was
formed through the reaction between g-alumina and
Fig. 3. Flow chart of the preparation of laminated green composites of alumino-silicate fabric and SiC satin.
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amorphous silica. A similar result for the crystallization
of the mullite precursor was observed upon heating in
air. The mullite formation was enhanced at 1150 �C in
air. As seen in Fig. 5, a trace of a-alumina coexisted
with mullite at 1200–1300 �C, suggesting the formation
of a SiO2-rich mullite solid solution.

44 The true density
of the heated mullite precursor, which was measured by
pycnometer using distilled water, was 2.35�0.01,
2.77�0.01 and 3.09�0.06 g/cm3 after heating at 500,
1000 and 1300 �C in air, respectively. The increase of
powder density is accompanied by shrinkage of powder
volume. The volume shrinkage with heating from 500 to
1000 �C was calculated to be 15.3%. Fig. 6 shows the
specific surface area of the mullite precursor with heat-
ing at 500–1300 �C in air. The specific surface area
decreased significantly with the formation of crystalline
phases at temperatures above 900 �C. The specific sur-
face area (S) depends on the powder density (r) and
particle diameter (D) as follows: S=6/rD. The diameter
of the equivalent spherical mullite precursor particles
was calculated to be 19, 414 and 1881 nm after heating
at 500, 1000 and 1300 �C, respectively. Therefore, Fig. 6
suggests that the volume of each mullite precursor par-
ticle shrunk with heating but rapid grain growth occur-
red upon the crystallization of the amorphous mullite
precursor. In other words, the shrinkage of particle
volume with increased powder density is accompanied
by the coarsening of particles, resulting in the decreased
specific surface area.

3.2. Infiltration of mullite particles into woven fabric

Fig. 7 shows the apparent viscosity as a function of
shear rate for the aqueous mullite suspension with 46.1
vol.% solid and the mullite precursor suspensions with
Fig. 4. TG (a) and DTA (b) curves for Al(NO3)3, silica gel derived

from Si(OC2H5)4 and the mullite precursor produced from Al(NO3)3
and Si(OC2H5)4, with heating in air.
Fig. 6. Specific surface area of the mullite precursor with heating for 2

h at 500–1300 �C in air.
Fig. 5. X-ray diffraction patterns of the phases produced in the mullite

precursor heated for 2 h at 500–1300 �C in an Ar atmosphere.
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10 and 30 vol.% mullite powder. They both showed
pseudoplastic flow. The apparent viscosity decreased in
the following order: precursor suspension with 30 vol.%
solid>precursor suspension with 10 vol.%
solid>aqueous suspension with 46 vol.% solid. The low
viscosity of the aqueous suspension is due to the elec-
trosteric stabilization by PAA adsorbed on the mullite
particles.45,46 The high viscosity of the precursor sus-
pension is to be explained by the poor dispersion of
mullite particles in the hydrophobic suspension. Fig. 8
shows the microstructures of the SiC satin (a) and alu-
minosilicate fabric (b,c,d), laminated in the mullite sus-
pensions. In the low viscosity aqueous mullite
suspensions [Fig. 8(a) and (b)], the dispersed mullite
particles were densely packed between the fibers. In
sample 3 laminated in the mullite precursor suspension
of 10 vol.% solid [Fig. 8(c)], mullite particles were scar-
cely observed in the yarn. An increase in the mullite
powder content of the precursor suspension [Fig. 8(d)],
resulted in the formation of agglomerated mullite filler
between the yarn, which was consolidated by the pyr-
olysis of the mullite precursor at 500 �C. As seen in
Table 2, the amount of mullite filler in the laminated
green composite depended mainly on the mullite con-
tent of the suspension. However, the microstructure of
the composite was influenced by the dispersion state of
the mullite particles in the suspension and by the visc-
osity of the suspension.

3.3. PIP process of the mullite precursor solution

In the PIP process, the porosity (P) of open pores in
the composite after n sequences is expressed by Eq. (1),

P ¼ P0 1�
1

1000Ds

1

2
C1M1 þ C2M2

� �� �n
ð1Þ
Fig. 7. Apparent viscosity as a function of shear rate for (a) the aqu-

eous mullite suspension with 46.1 vol.% solid and the mullite pre-

cursor suspensions with (b) 10 and (c) 30 vol.% mullite powder.
Fig. 8. Microstructures of the SiC satin (a) and aluminosilicate fabric (b,c,d), laminated in the mullite suspensions. See Table 2 for samples.
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where P0 is the initial porosity before the PIP sequences,
C1 (mol/l) the concentration of Al in the mullite pre-
cursor solution, M1 the molecular weight of Al2O3, C2
(mol/l) the concentration of Si in the mullite precursor
solution, M2 the molecular weight of SiO2, and Ds the
density (2.35�0.01 g/cm3) of the amorphous solid
formed from the mullite precursor by the heat treatment
at 500 �C in air. Eq. (1) indicates that (1) the porosity
decreases gradually with increasing n value, (2)
decreased P0 effectively reduces porosity for a given
precursor and (3) a precursor with high C value is
desirable for decreasing porosity.
Fig. 9 shows the porosity of the composites as a

function of the number of PIP sequences. The solid lines
in Fig. 9 represent the porosity calculated by Eq. (1).
The increase of porosity at the 15th or 19th PIP
sequences is due to the volume shrinkage of the mullite
precursor with the increase of heat treatment tempera-
ture from 500 to 1000 �C. The measured porosity
decreased along the calculated lines. The positive
deviation of the measured porosity from the calculated
line, represents the decreased elimination efficiency of
open pores. A relatively large deviation was observed in
sample 1 after the 5th PIP sequence. In this sample,
mullite filler at the highest amount (42 vol.%) was dis-
persed in the woven SiC satin. With the increased num-
ber of PIP sequences, the pore channels become quickly
constricted, suppressing the subsequent infiltration of
mullite precursor. On the other hand, a lower value for
the measured porosity than for the calculated porosity
indicates a greater disappearance of the open pores than
predicted. This result, as shown in sample 4, is explained
by the formation of closed pores from open pores dur-
ing the pyrolysis of the mullite precursor impregnated in
the open pores. The formation of closed pores may also
occur in the agglomerated mullite filler, observed in
Fig. 8(d). Samples 1 and 2, formed from the aqueous
mullite suspensions, contained 3–4% closed pores after
calcination at 1000 �C and before the PIP process. This
type of closed pores remained during the PIP sequences.
The further formation of closed pores by the mullite
precursor during the PIP sequences was not significant
in samples 1 and 2. The final porosity in Fig. 9 was from
21 to 27% (Table 2).
Fig. 10 shows cross sections of the densified compo-

sites. Large pores in the range from 100 to 800 mm were
observed more in samples 3 and 4 formed from the
mullite precursor suspensions than in samples 1 and 2
formed from the aqueous mullite suspensions. The
microstructure of the densified composites inherited the
uniformity of the green microstructure before the PIP
process (Fig. 8). That is, the key factor to achieve a
Fig. 9. Porosity of the laminated composites as a function of the number of PIP sequence. The solid lines represent the porosity calculated by Eq. (1)

in text. See Table 2 for samples.
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dense uniform microstructure is the use of a low viscos-
ity aqueous mullite suspension of a high content of well
dispersed mullite filler during the lamination of the
woven satin or fabric. After the 20–23rd PIP process, no
cracks were observed in the matrix of sample 1 with SiC
satin. However, some cracks, indicated by the arrows in
Fig. 10, were formed in the matrix of samples 2, 3 and 4
with aluminosilicate fabric. The cracks were formed by
the nonuniform distribution of the tensile stress in the
matrix during the PIP process with the mullite pre-
cursor. The relatively strong adhesion between the mul-
lite filler and the aluminosilicate fabric caused by the
mullite precursor may suppress the relaxation of the
stress produced during densification in the PIP process.
The low affinity of SiC fiber for the mullite precursor
reduces the nonuniformity of the stress distribution in
the mullite matrix.

3.4. Mechanical properties of the densified composites

Fig. 11 shows typical stress–displacement curves for
the laminated composites. Samples 1 and 2 showed
elastic deformation in the initial stage of the stress–dis-
placement curves, followed by significant pseudoducti-
lity. The photographs shown in Fig. 12 correspond to
the appearance of sample 1 at the displacements indi-
cated by the arrows in Fig. 11. After the elastic defor-
mation (point 1), sample 1 gradually deformed like a
metal and still maintained its original shape at over 1
mm displacement (point 5). This deformation behavior
is based on the remarkable delamination of the layered
SiC satin [Fig. 13(a)]. In sample 2, a similar delamina-
tion of the layered aluminosilicate fabric was observed
in the fractured surface [Fig. 13(b)]. On the other hand,
samples 3 and 4 fractured catastrophically with no
pseudoductility. Fig. 13(c) and (d) show the fracture
surface of samples 3 and 4. Little pullout of the alumi-
nosilicate fibers or no delamination of the fabric was
observed, resulting in the brittle fracture. Table 3 sum-
marizes the mechanical properties of the SiC satin or
aluminosilicate fabric-reinforced mullite matrix compo-
sites. The maximum deformation strength was 83�11,
52�15, 37�11 and 47�13 MPa for samples 1, 2, 3 and
4, respectively. The fracture energy at 1.5 mm of dis-
placement was 4.2�0.5 and 1.2�0.4 kJ/m2 for samples
1 and 2, respectively. Table 3 also compares the
mechanical properties of CFCCs. The flexural strength
is influenced by the relative density of the composites
rather than the types of CFCCs. Sample A (nonoxide/
nonoxide),47 sample B (nonoxide/nonoxide & oxide)39

and sample D (oxide/oxide)13 with 90–93% density
provided the high flexural strength of 260–470 MPa.
The relatively low strengths of CFCCs prepared in this
experiment (samples 1 and 2) are due to the high por-
Fig. 10. Cross section of the densified composites after 20–23rd PIP sequence. The arrows in the microphotographs show the cracks in the matrix

prepared from the mullite precursor.
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osity (22–25%). Further densification may be effective
to increase the strength. On the other hand, the fracture
energy is strongly associated with the pseudoductility.
The fracture energy measured in this experiment (sam-
ples 1 and 2) was comparable to that measured for the
dense composites with high strengths (samples A and
D). As seen in Table 3, the PIP process gave the
advantage of high fracture energy without the forma-
tion of interphase on the fibers.
The fracture behavior shown in Fig. 11 is associated

with the microstructure as follows. Samples 1 and 2
contained a large amount of mullite filler in the yarn of
the laminated fabric (Table 2). No sintering occurs
between the mullite particles during the low temperature
PIP process (500–1000 �C). The infiltrated mullite pre-
cursor, whose amount was relatively low (Table 2), may
produce a chemical bond between the mullite particles
or between the mullite particles and the laminated fabric
after the pyrolysis. The adhesion strength of the mullite
precursor-derived solid to the SiC fibers would be
weaker than that to the aluminosilicate fibers because of
the low chemical affinity between SiC and mullite. That
Table 3

Mechanical properties of ceramic fiber-reinforced ceramic materix composities
Sample

[Ref.]
Fiber
 Interphase
 Matrix
 Method
 Fiber

fraction

(vol.%)
Relative

density

(%)
Mechanical properties
Flexural

strength

(MPa)
Fracture

energy

(kJ m�2)
A47
 SiC (0.5 mass%O) (fabric)
 BN
 SiC
 Slurry impregnation

and RS
30
 93
 466
 6.4
B39
 Si–Ti–C–O (12 mass%O)

(fabric)
–
 Mullite filler and

SiC
Slurry impregnation

and PIP
35–37
 90
 290
 11.4
No. 1

(This work)
SiC (0.5 mass%O) (satin)
 –
 Mullite filler and

mullite precursor
Slurry impregnation

and PIP
22
 75
 74–94
 3.7–4.7a
No.2

(This work)
Aluminosilicate (85Al2O3–

15SiO2, mass%) (fabric)
–
 Mullite filler and

mullite precursor
Slurry impregnation

and PIP
33
 78
 36–62
 0.8–1.9a
C15
 Aluminosilicate (85A12O3–

15SiO2, mass%)

(unidirectional)
Fugitive

(oxidation of C)
CaO– Al2O3–SiO2
glass
Hot-pressing
 30–35
 90–95
 92 (tensile)
 –
D13
 Aluminosilicate (70Al2O3–

28SiO2–2B2O3, mass%)

(unidirectional)
BN
 Mullite
 Hot-pressing
 41
 90
 258
 1.6
a Deformation energy at 1.5 mm of displacement.
Fig. 11. Stress–displacement curves for the laminated composites with

SiC satin (sample 1) and aluminosilicate fabric (samples 2–4). See

Tables 2 and 3 for samples.
Fig. 12. Appearance of sample 1 at the displacement indicated by the

arrows in Fig. 11.
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is, the separation of fibers through the dispersed mullite
particles [Fig. 14(a) and (b)] and the formation of a
weak bond in the yarn by a small amount of amorphous
solid from the mullite precursor, enables the laminated
composite to undergo delamination.
On the other hand, the amount of mullite filler in the

yarn was small in sample 3. In sample 4, the mullite filler
formed particle clusters between the fiber yarn because
of the low dispersibility of the mullite particles in the
precursor solution [Fig. 8(d)]. As a result, little mullite
filler was dispersed in the fiber yarn, causing direct con-
tact between the aluminosilicate fibers [Fig. 13(c), (d)].
In addition, the amount of the mullite precursor-derived
solid was greater in samples 3 and 4 than in samples 1
and 2. The mullite precursor infiltrated into samples 3
and 4 combined with the fibers in the yarn [Fig. 13(c)
and (d)], resulting in the loss of flexibility. Therefore, the
nonuniform distribution of mullite filler between the
yarn, the small amount of mullite filler in the yarn and
the large amount of mullite precursor combined to form
a relatively strong bond between the fibers in the yarn
and thus prevented delamination.
Fig. 13. Appearance of the fractured samples 1 (a) and 2 (b), and the cross section of samples 3 (c) and 4 (d) showing little pullout of aluminosilicate

fibers.
Fig. 14. Cross section of samples 1 (a) and 2 (b) showing the separation of fibers through the dispersed mullite particles.
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4. Conclusions

(1) The amount of mullite filler in the green laminate
of woven fabric or satin depended mainly on the mullite
filler content of the aqueous suspension or of the mullite
precursor suspensions (Al(NO3)3 plus Si(OC2H5)4).
However, the microstructure of the calcined composite
was influenced by the dispersibility of the mullite parti-
cles in the suspension and by the viscosity of the sus-
pension.
(2) The microstructure of the densified composites

inherited the character of the green microstructure
before the PIP process. The key factor to achieve a
dense uniform microstructure is the use of a low viscos-
ity aqueous mullite suspension with a large amount of
well dispersed mullite filler during the lamination of the
woven fabric.
(3) The separation of fibers in the yarn by the dis-

persed mullite particles and the formation of weak
bonding in the yarn as a result of the small amount of
amorphous solid from the mullite precursor, enabled
the laminated composite to undergo pseudoductility
with delamination.
(4) The nonuniform distribution of mullite filler

between the yarn and the large amount of mullite pre-
cursor coupled to form relatively strong bonding
between the fibers in the yarn, resulting in brittle frac-
ture.
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